Summary: This study addresses three topics in the chlo ralose-anesthetized cat: (a) distribution of local CMRg 1 c : values ranging from 5 to 109 fl-molll00 glmin were found in 37 brain structures and the mean CMRgl C over all ex amined structures was 30.6 fl-mol/100 glmin; (b) effect of 'f-hydroxybutyrate (GHB, 250 mg/kg i. v.) on local CMRglc, which was significantly (p < 0.05) depressed in 16 of 37 structures, most prominently in the auditory sys tem, and the mean CMRglc over all structures after GHB was 20.4 fl-molll00 glmin; and (c) global values of CMRglc , CMR02, and CBP before and after GHB: in these exper iments, a modified Kety-Schmidt technique was em ployed measuring saturation/de saturation of inhaled H2 and concentrations of glucose and oxygen in aortic and
'Y-Hydroxybutyrate (GHB) is an intermediary product in the cerebral metabolism of the neuro transmitter GABA since it may act both as a pre cursor and metabolite of GABA (Vayer et aI., 1985) . In addition, GHB is also widely regarded as a neurotransmitter or neuromodulator in its own right, although its physiological role is not clear (Mandel et aI., 1987) .
The pharmacological effects of GHB consist of successful treatment of alcohol withdrawal symp toms (Gallimberti et aI., 1989) and of narcolepsy cataplexy (Scrima et aI., 1989) in patients. In addi tion, GHB has been used as an anesthetic agent. However, anesthesia with GHB has not attained widespread acceptance, since it is accompanied by sagittal sinus blood. CBP and CMR02 were not altered after GHB, whereas CMRglc was significantly decreased from 35.7 to 28.8 fl-molll00 g/min. The values of CMRgl C obtained with both techniques (autoradiography and the Kety-Schmidt technique) are concordant, especially when considering the different sampling areas of both methods. The main finding of the present study is a re duction in cerebral glucose consumption after GHB, irre spective of the technique of measurement. This reduction occurs at an unchanged CMR02 and CBP. Key Words: -y-Hydroxybutyrate-Local cerebral glucose utilization Cerebral metabolic rate for glucose-Cerebral metabolic rate for oxygen-Deoxyglucose.
changes in the EEG that resemble a state of non convulsant epilepsy (Depaulis et aI., 1988; Snead et aI., 1976) . Finally, GHB may modulate the cerebro vascular reactivity, since the sensitivity of pial ar teries to H + and adenosine can be increased during the action of GHB in chloralose-anesthetized cats (Haller et aI., 1986) .
The present study addresses the effect of GHB on cerebral metabolism under the same experimental conditions as during the previous microapplication experiments (chloralose-anesthetized cats, Haller et aI., 1986) . GHB has been shown to depress ce rebral metabolism in the conscious rat (Kuschinsky et aI., 1985) . Since an association between the ce rebral metabolism and the cerebrovascular reactiv ity may exist (Fujishima et aI., 1971) , it is pertinent to determine the rate of cerebral metabolism during the action of GHB in the anesthetized animal to complement the previous data on the vascular re activity (Haller et aI., 1986) .
To assess the rate of cerebral metabolism, the cerebral glucose consumption/utilization was mea sured using two complementary techniques: the quantitative auto radiographic 2-deoxyglucose method of Sokoloff et al. (1977) and a modified Kety-Schmidt technique (Schuier et aI., 1987) . Whereas autoradiography offers a high degree of spatial resolution, it does not permit multiple mea surements under different conditions in the same animal. On the other hand, the modified Kety Schmidt technique has the advantage of allowing repeated measurements not only of CMR g lc, but also of CBF and CMR02 in the same animal, albeit in a less well-defined sampling area.
MATERIALS AND METHODS

Local autoradiographic measurement of glucose metabolism
Eight adult cats (1.9--4.4 kg) were anesthetized with chloralose (40-50 mg/kg, i.v.). After muscular paralysis with pancuronium bromide (0.2 mg/kg, i.v., repeated as necessary), the animals were artificially ventilated (Bird, Mark 7). The temperature of the animals was maintained between 37 and 38°C. A femoral vein and artery were cannulated for the measurement of blood pressure, pH, Peo2, and P02 and for the infusion of Tyrode's solution, GHB, and [14Cj2-deoxyglucose. The animals were put in the sphinx position with the head fixed in a stereotactic frame. The skull was exposed through a midline longitu dinal incision. Two screw electrodes were driven into the frontal bone to allow the recording of the EEG with a polygraph after appropriate preamplification. Four ani mals formed the control group in which local CMRglc was measured without GHB. In the other four animals, e4Cj2-deoxyglucose was given after GHB as soon as the characteristic changes in the EEG (Depaulis et aI., 1988; Snead et aI., 1976) had been observed. The EEG changes were fully developed within 10 min after the end of the infusion of GHB (250 mg/kg; Na salt, Sigma Chemical Co.; MW of 126.1, I M solution infused over 10 min).
For the measurement of local CMRg1c' 100 fLCi/kg of 2-deoxY-D-[1-14Cjglucose (specific activity of 50-56 mCilmmol, New England Nuclear Corp.) was injected via the femoral venous catheter over 20 s and timed arterial blood samples of approximately 80 fLl each were collected through the femoral arterial catheter at 15, 30, and 45 s and 1, 2, 3, 5, 7.5, 10, 15,25,35 , and 45 min. The blood samples were immediately centrifuged, and the plasma was separated and stored on ice until assayed for [14C]2-deoxyglucose and glucose concentrations as pre viously described (Sokoloff et aI., 1977) . Immediately af ter the final arterial blood sample was collected, the ani mal was killed by an i. v. injection of T61 (Hoechst) and then decapitated. The brain was removed immediately using bone rongeurs. To allow for rapid freezing and fur ther processing of the tissue, the brainstem and cerebel lum as well as the cerebral hemisphere were frozen sep arately. The specimens were frozen in 2-methylbutane chilled to -40 to -50°C with dry ice. The samples were stored at -70°C in plastic bags, cut into 20 fLm slices at -22°C in a cryostat (Bright), and autoradiographed along with calibrated [14Cjmethylmethacrylate standards as de scribed previously (Sokoloff et aI., 1977) . Local tissue concentrations of 14C were determined from the autora diographs by densitometric analysis using a densitometer (DT 1105 R, Parry) with a 0.2 mm aperture. The lumped
constant of 0.411 provided by Sokoloff (1982) for the cat brain was used for the calculation of local CMRglc.
Global measurements of CBF, CMR02, and CMR g1c
Seven adult cats (2-5 kg) were anesthetized and para lyzed as described above. The animals were artificially ventilated (Harvard animal respirator). The arterial blood pressure was recorded from a catheter placed in the left axillary artery; arterial pH, Peo2 and P02 were measured with microelectrodes (Corning, Corning, NY, U.S.A.). One femoral vein was cannulated for the administration of drugs.
The animals were positioned and the EEG was re corded as described above. The bone was thinned over the posterior third of the superior sagittal sinus using a dental drill. To gain access to the sinus, the final thin bony layer and the dura were pierced with a small needle for the insertion of a plastic catheter (PE 10) to allow frequent sampling of cerebral venous (sinus) blood.
The saturation/desaturation of H2 in arterial and cere bral venous blood was used to calculate CBF from Fick's principle according to the method described by Schuier et al. (1987) . Briefly, H2-sensitive platinum-wire electrodes were used for the measurement of the partial pressure of H2 in the blood after the addition and withdrawal of 10% H2 to the inspired air. The arterial electrode was inserted into one femoral artery and advanced proximally to the aortic bifurcation; thus, the catheter tip reached the ab dominal aorta without obstructing its lumen. The correct position of the catheter tip was verified after each exper iment. A venous electrode was inserted into the superior sagittal sinus close to the confluens sinuum as described above.
For the determination of CMR02 and CMRg!c, the ar teriovenous differences for the two substances were de termined and multiplied by the CBF. The oxygen content was measured in arterial blood and in sagittal sinus blood with a Lex-02 oxygen analyzer. The arteriovenous dif ference in glucose was determined by measuring the con centration of glucose in arterial and cerebral venous blood with a whole blood glucose analyzer (Yellow springs Instruments).
For the test of the effect of 'Y-hydroxybutyrate (GHB) on CMR02 and CMRg!c, GHB (250 mg/kg) was infused into the femoral vein in the same way as described above for the autoradiographic experiments. As soon as the characteristic changes in the EEG (Depaulis et aI., 1988; Snead et aI., 1976) had been verified, the arteriovenous differences in O2 and glucose were determined. CBF was measured repeatedly by taking several saturationldesat uration curves during each experimental phase.
In each animal, CBF, CMR02, and CMRg l C were de termined one to three times before GHB and two to five times during the action of GHB; thus, each animal served as its own control in these experiments.
Statistics
All values are presented as means ± SD. Unless oth erwise stated, Student's t test was used. The effect of GHB was evaluated in 37 brain structures. Due to the high number of comparisons, there is a higher chance to reach the level of statistical significance in a few struc tures. As previously discussed by Dow-Edwards et al. (1986) , multiple comparison techniques, large animal groups, or selection of statistical comparisons are prob lematic. Therefore, the normal t test was accepted as the most appropriate kind of analysis of the data obtained from multiple structures.
For the comparison of the global measurements during the control phase and after GHB, multivariate analysis of variance (MANOV A) with mixed effects was employed as previously described (Haller et al., 1986) . The Statis tical Package for the Social Sciences (SPSSX) (Nie et al., 1983) was used for the computations. A level of p < 0.05 was accepted as significant. Table 1 shows the arterial blood pressure as well as the arterial pH, Peo2, and P02 before and after the administration of GHB. During the action of GHB, the blood pressure was significantly lower than during the control phase; the arterial acid-base status was not altered by GHB. The arterial glucose concentration during control conditions was 7.8 ± 2.9 mM. After GHB, it was significantly decreased to 6.2 ± 2.0 mM (means ± SD; n = 24).
RESULTS
Systemic parameters
The action of GHB on the brain was evident by characteristic changes in the EEG consisting of ir regular bursts of polyspikes between periods of rel ative electrical silence (Depaulis et aI., 1988; Snead et aI., 1976) .
Local autoradiographic measurement of glucose metabolism Table 2 shows the cerebral glucose utilization in 37 structures of the anesthetized cat brain during control conditions and during the action of GHB. There was a 22-fold variation in local CMR g lc be tween the brain structures examined. The mean of all local CMR g lc values measured in cats not treated with GHB was 30.6 f.Lmol/l00 g/min. After GHB, the mean CMR g lc was significantly decreased to 20.4 f.LmoVlOO g/min ( -33.3%). It is evident from Table 2 that GHB had the most pronounced de pressing effect on the auditory system.
Global measurement of CBF, CMR02, and CMR gIc
Repeated measurements of CBF, CMR02, and CMR g lc did not yield significantly varying results during either of the experimental stages (before vs. after GHB). However, when comparing mean val- ues of CMR g lc obtained before and after GHB, a significant decrease in CMR g lc was found during the action of GHB. CBF and CMR02 were not signifi cantly different before and after GHB (Table 3) .
DISCUSSION
The present study reports values of local CMRglc in 37 structures of the chloralose-anesthetized cat brain. Whereas no previous data on the local CMRglc in the chloralose-anesthetized cat are avail able, a comparison with other autoradiographic studies in cats is possible. Ramm and Frost (1986) have examined cerebral glucose consumption on conscious cats and during rapid eye movement (REM) and slow-wave sleep. However, no quanti tative assessment of local CMR g lc is available from their study, since they did not measure the plasma concentration of glucose in each animal. Ginsberg et al. (1977) have provided absolute values for local CMR g lc in several brain areas of pentobarbital anesthetized cats. Some of these structures corre spond to the areas of interest in the present study and their values of local CMR g lc are in agreement despite the differences in anesthesia. However, consistently higher values for local CMR g lc were found when conscious cats were studied (Sokoloff, 1984) . This discrepancy is not surprising since the depressant effect of anesthetic agents on cerebral metabolism is well known.
While offering a high degree of spatial resolution, the autoradiographic 2-deoxyglucose method has the limitation that it does not allow repeated assess ments of the metabolic activity under different con ditions in the same animal. Moreover, it does not permit the simultaneous measurement of cerebral oxygen and glucose consumption.
This limitation was overcome in the present study by employing the modified Kety-Schmidt tech nique. A direct comparison of the results for CMR g lc obtained with the two methods has to con sider the different sampling areas of both methods: First, the mean value of CMR g lc derived from 37 local values in the present study may not accurately reflect the true global CMR g lc. Second, the modified Kety-Schmidt technique as used in the present study allows the determination of CBF, CMR02, and CMR g lc mainly in cortical areas, since the ve nous, blood was sampled from the sagittal sinus. Therefore, this technique also did not allow true global measurements of any of the three parame ters: CBF, CMR02, and CMR g lc• Considering these limitations, the data obtained with the autoradio graphic method and the modified Kety-Schmidt technique are congruent. The local CMRglc was generally decreased after GHB, with a significant decrease in 16 of 37 struc tures ( Table 2 ). The maximal depression was found in the auditory system. This system may be a major target site for the pharmacological action of GHB on the brain, since the appearance of polyspikes in the EEG can be triggered by acoustic stimuli (Snead et aI., 1976; Winters and Spooner, 1965) . These polyspikes are interspersed with periods of relative electrical silence in the EEG. The present study suggests that these periods of electrical silence may be more important than the polyspikes, since the glucose consumption was generally depressed. On the other hand, the generation of electrical spikes may not always cause an increase in energy expen diture (U eki et aI., 1988) . The effects of GHB on cerebral glucose utiliza tion could be related to the binding of GHB at spe cific sites that have been demonstrated in the brain (Hechler et aI., 1987) . The highest density of bind ing sites for GHB has been found in the hippocam pus (Hechler et aI., 1987) . The present study does not show a major change in local CMRglc in the hippocampus. On the other hand, the local CMRglc was significantly decreased in the pontine gray, which is practically devoid of binding sites for GHB Values are means ± SD in seven cats.
a Significantly (p < 0.05) different from controls. . These discrepancies between the distribution of binding sites and the depression of local CMR g lc could lead to the conclusion that the depression of cerebral glucose metabolism by GHB occurs independent of GHB receptors. However, the sites of GHB binding and of its metabolic effects may not necessarily be identical, since the meta bolic effect could occur distal to the binding sites.
The results of the global measurements of CBF, CMR02, and CMR g lc show a significant decrease in CMR g lc with no changes in CBF and CMR02. This is an unexpected finding, since CMR g lc and CMR02 are usually tightly coupled except for extreme pathophysiological conditions such as ischemia. A dissociation between CMR02 and CMR g lc could be expected when other fuels, in addition to glucose, are used by the brain. In most instances, such ac cessory fuels are ketone bodies, which can partially replace glucose, if their plasma concentration is considerably increased. In the present experiments, GHB may have served as an accessory fuel, since it can be metabolized to CO2 and H20 via the citric acid cycle (Kaufmann and Nelson, 1987) . Assuming that the depression of CMR g lc by GHB was due to GHB substituting for glucose as a fuel, it can be calculated that the administered amount of GHB could theoretically have replaced glucose as a fuel for about 3 h. Since CMR02 remained unchanged, it seems possible that the observed decrease in local and global CMR g lc after GHB did not reflect a true depression of cerebral energy consumption but rather the utilization of GHB as an accessory fuel at an unchanged metabolic rate. However, this does not exclude specific pharmacological effects of GHB on single structures, since the regional de pression of CMR g lc varied in different structures.
According to the concept of Fujishima et al. (1971) , there may be an association between cere bral metabolism and cerebrovascular reactivity. In the present study, no increase in cerebral metabo lism was found. In conjunction with our previous findings of an increased cerebrovascular reactivity under experimental conditions identical with those of the present study (Haller et al., 1986) , our data do not support the concept of a direct relationship be tween cerebral metabolism and cerebrovascular re activity.
In conclusion, the present study shows a consis tent decrease in CMR g lc after GHB, which could be demonstrated by two independent measuring tech niques. This decrease may not reflect a depression in cerebral energy consumption, since CMR02 re mained unchanged.
